The covalent functionalization of graphene represents a main topic in the growing field of nano materials. The reductive exfoliation of graphite with concomitant functionalization of the respective graphenide intermediates provides a promising approach towards functional graphene derivatives. In this article, we present new insights into the reductive arylation of graphene. Graphite intercalation compounds (GICs) with varying stoichiometries have been used as starting materials. Based on the spectroscopic data obtained by scanning Raman microscopy (SRM) and thermogravimetric analysis coupled to mass spectrometry (TG/MS), a clear correlation between the amount of negative charges -present in the GIC -and the degree of functionalization in the final product could be found. Furthermore, the detailed analysis of the thermal defunctionalization process provided deeper insights into the covalent addend binding.
functionalization protocols inherently bear the advantage for a complete reversible thermal defunctionalization with a recovery of a defect-free graphene lattice. Along the development of efficient functionalization protocols, tools for the characterization of the reaction products have continuously been adjusted and improved. On the basis of high-end analytical techniques, like Raman spectroscopy [12] and thermogravimetric analysis coupled to mass spectrometry (TG/MS), we are now able to quantify the density of functional groups bound to the respective SCA lattice. [13, 14] In this manuscript we used the reductive arylation of graphite, with phenyl iodide as trapping electrophile, as a benchmark reaction (Figure 1 ) for the investigation of the influence of the potassium to carbon ratio (K:C = 1:4 -K:C = 1:48) on the degree of functionalization in the final product G (K:C) Ph. As we have shown recently for carbon nanotubes, the variation of the amount of potassium within the reductive activation step is one fundamental parameter to adjust the degree of functionalization in the respective CNT derivatives. [15] Figure 1: Reaction scheme for the production of G(1:n)Ph by the use of graphite as starting material for the reductive arylation of graphenides in THF.
For a better understanding of the chemical functionalization sequence, the reaction progress starting from the initially prepared GIC G (1:8) [C 8 K] was monitored in situ and under inert gas conditions by Raman spectroscopy. Furthermore, we present novel insights into the thermal annealing of chemically functionalized graphene derivatives. By a correlation of the data obtained by thermogravimetric analysis coupled to mass spectrometry (TG/MS) with the information acquired by temperature dependent Raman spectroscopy we were able to show that the approach of reductive functionalization of GICs is completely reversible and that the defect-free honeycomb lattice can easily be restored by a bulk production approach.
Experimental
The complete chemical functionalization sequence, excluding the final aqueous workup, was carried out in a glove box under inert gas conditions (argon atmosphere, <0.1 ppm O2, <1 ppm with subsequent filtration and washing. Analysis of the bulk material was carried out by Scanning Raman Microscopy (SRM) and thermogravimetric analysis coupled to mass spectrometry (TG/MS).
Results and Discussion
In order to gain a statistically significant bulk information about the success of the reductive arylation, SRM on large sample areas (100 x 100 µm) has been carried out. In particular, for all samples the I(D/G) (intensity ratios of the D-and G-modes) values of the individual Raman spectra are plotted with respect to their frequency and the respective distribution function was determined ( Figure S3 ) -mean Raman spectra of compounds G(1:n) are presented in Figure 2 (top). In general, the D-mode intensity is a measure for the amount of sp 3 -defects introduced by covalent addend binding. [12] In Figure 2 Based on the bulk material Raman analysis no profound conclusions on the efficiency of the exfoliation process and the average number of layers in the final reaction product can been drawn. Therefore, the supernatant of the G (1:8) Ph dispersion has been drop-casted on silicon/SiO 2 (300 nm oxide layer) substrates. [16] Here, separated flakes (mean diameter 1 -5 µm) can be identified by optical microscopy and statistically be analyzed by SRM - Figure S4 .
The reductive exfoliation with subsequent arylation predominantly yields highly functionalized few layer material. Besides that, also spots with functionalized bilayer graphene with a sharp and symmetric 2D-mode (2718 cm -1 -full-width at half-maximum (Γ 2D ) of 49 cm -1 ) and functionalized mono-layer graphene (Γ 2D = 29 cm -1 ) can be detected. For the latter ones, the spectral data is in line with the characteristic signatures of the "low density of defect area" described by Lucchese et al. [17] and Cançado et al. [18] Hence, based on these results a degree of functionalization of approx. 0.02% (per lattice C-Atom) can be estimated for these systems. [14] Nevertheless, the main part of the material remained in the residue and based on the bulk Raman analysis, a higher degree of functionalization can be attributed to this fraction.
For a profound insight into the type of material generated by the reductive exfoliation of G (1:8) , we analyzed these graphenide flakes by means of in situ Raman spectroscopy. Here, the intermediates have been isolated under inert gas conditions by filtration and the highly air sensitive material has been transferred in a special air-tight setup into the Raman spectrometer. [19] The charged powder exhibits a single Raman signal at 1607 cm -1 (shifted G-mode, Γ of 20 cm -1 ) characteristic for doped and decoupled graphene sheets ( Figure 3 ). [12] Remarkably, no pronounced D-mode intensity is found for this material, which speaks for the fact that flakes with sufficient surface area are generated during the exfoliation step, as no significant D-mode contribution of rim carbon atoms is detected. This directly leads to the conclusion that the pronounced D-mode intensity increase detected after the addition of phenyl iodide can be attributed to a direct covalent addition of the phenyl moieties to the respective framework carbon atoms of the individual sheets.
We have shown recently that the variation of the amount of potassium within the reductive activation step of carbon nanotubes is one fundamental parameter with direct influence on the obtained degree of functionalization. [15] In order to investigate the respective relation for graphite as carbon allotrope starting material, the potassium:carbon stoichiometry was varied as follows: 1:48, 1:24, 1:10, 1:8, 1:4 -for details see ESI. In all cases the amount of the trapping electrophile phenyl iodide was kept constant (two-fold molar excess with respect to graphite carbon lattice atoms). The Raman spectroscopic and thermogravimetric data obtained for the final derivatization products are summarized in Figure 4 . Obviously, an increasing amount of potassium used for the GIC formation directly correlates with an increase of the I(D/G) ratio and, moreover, with the mass loss detected by TG analysis. This can easily be understood in terms of the underlying reaction mechanism. [20] Here, on the basis of an electron transfer reaction originating from the negatively charged intermediates towards the phenyl iodide trapping reagent, an aryl radical is formed in close proximity to the carbon scaffold. Subsequently, this carbon centered radical attacks the extended aromatic π-system and the phenyl ring is covalently bound to the carbon framework. Therefore, an increase of the charge density (increasing potassium amount) directly correlates with the degree of functionalization. This is fully in line with the results obtained for carbon nanotubes. [15] Consistently, the highest :8) ) -the 1 st stage intercalation compound of graphite. This stoichiometry represents the highest possible potassium doping level and directly related to that, the highest possible charging state of the individual graphene layers. Interestingly, an excess of potassium present in the reaction medium does not lead to higher degrees of functionalization. This observation can be explain by the fact, that aryl radicals formed in close proximity to these excess potassium atoms can not diffuse to the dispersed graphene sheets, but recombine in a dimerization step. On the other hand, the amount of phenyl iodide has no influence on the obtained degree of functionalization as long as an excess of trapping electrophile is used in respect to the present charge density in the graphenide intermediates. Figure S5 ) clearly demonstrate that for all phenyl iodide concentrations, the same degree of functionalization is reached in the final derivatization product -TG data is presented in Figure S7 . This nicely underlines that the amount of reductively applied charges is the predominant parameter, responsible for the overall degree of functionalization in this type of reductive arylation approaches of GICs. This would be in clear contrast to the temperature dependent Raman measurements (TDRS) which have been carried out for G (1:8) Ph (Figure 6 -for full set of data see Figure S8 ).
Here, a constant decrease of the I (D/G) ratio is detected over the whole temperature range, which also nicely correlates with the respective TG profile ( Figure 5 ). As the detachment of physisorbed species would not result in a rehybridization of sp 3 lattice atoms, the temperature dependent Raman data is indicative for a thermal cleavage of covalently bound entities, even in the low-temperature regions. THF was distilled three times in an argon inert gas atmosphere in order to remove residual water: a) over CaH2, b) over sodium and c) over sodium-potassium alloy.
Residual traces of oxygen were removed by pump freeze treatment (3 iterative steps). THF(abs) was used for all reactions.
Phenyl iodide was distilled in an argon inert gas atmosphere. Residual traces of oxygen were removed by pump freeze treatment (1 step).
Equipment and Characterization
Glove Box: Sample functionalization was carried out in an argon filled Labmaster sp glove box (MBraun), equipped with a gas filter to remove solvents and an argon cooling systems, with an oxygen content <0.1 ppm and a water content <0.1 ppm.
Raman Spectroscopy: Raman spectroscopic characterization was carried out on a HoribaLabRAM Aramis confocal Raman microscope (λexc : 532) with a laser spot size of about 1 µm (Olympus LMPlanFl 50x, NA 0.50) in backscattering geometry. The incident laser power was kept as low as possible to avoid structural sample damage:
1.35 mW (532 nm). Spectra were recorded with a CCD array at -70 °C -grating: 600
grooves. For a statistical significant bulk analysis, Raman spectra were obtained from a 100 x 100 µm area with 1 µm step size in SWIFT mode for low integration times.
Calibration in frequency was carried out with a HOPG crystal as reference. Sample movement was carried out by an automated XY-scanning table.
Temperature depending Raman measurements were performed in a Linkam stage THMS 600, equipped with a liquid nitrogen pump TMS94 for temperature stabilization under a constant flow of nitrogen. The measurements were directly carried out on powder material (sealed between two glass slides) with a heating rate of 10 K/min.
Thermogravimetric Analysis (TG) combined with a mass spectrometer (MS): TG-MS Analysis
The thermogravimetric analysis was carried out on a Perkin Elmer Pyris 1 TGA In an argon filled glove box (< 0.1 ppm oxygen; <0.1 ppm H2O), spherical graphite (SGN18) and potassium -respective amounts see Table ST1 -were heated at 200 °C for 18 hours. Afterwards, the respective salt was allowed to cool to RT and Afterwards, the reaction mixture was transferred from the glove box and 50 mL of water and a few drops of HCl (until pH = 7 is reached) were added to the dispersion.
The reaction mixture was transferred to a separation funnel with 100 ml of cyclohexane. The phases were separated and the organic layer, containing the functionalized material, was purged three times with distilled water (200 mL each).
The organic layer was filtered through a 0.2 µm reinforced cellulose membrane filter (Sartorius) and washed three times with THF, ethanol, isopropanol and water (50 mL each). The covalently functionalized material was dried at 75 °C under ambient pressure. 80 eq.: 2120 mg) was added and the reaction mixture was stirred at RT overnight.
Variation of the
Aqueous work-up and product isolation was carried out as described above. 
